Abstract: The efficiency enhancement of thin film hetero-junction organic solar cells (OSCs) with Au-nanopaticles (Au-NPs) at the interface between the anode and active layers is studied theoretically and experimentally. It is demonstrated that the interface-Au-NPs could effectively extend the spectrum of light absorption enhancement based on the localized surface plasmon, which is revealed by the incident photon-to-current efficiency with photocurrent increased at both the long ð 0 ¼ 600 $ 700 nmÞ and short ð 0 ¼ 400 $ 500 nmÞ wavelength regions. The experiment results also indicate that the efficiency improvement of OSCs is related to the size and concentration of the Au-NPs. The optimized power conversion efficiency enhancement is about 25%.
Introduction
Surface plasmon polariton (SPP) is transverse-magnetic surface electromagnetic excitation that propagates in a wavelike fashion along the interface between metal and dielectric medium [1] , which could effectively enhance the light-matter interaction [2] - [4] . It was reported that the plasmonic metal nanoparticles (NPs) is promising for improving the efficiency of thin film solar cells [5] - [14] . This enhancement effect is much more significant for the solar cells with lower light absorption capacity [3] , such as organic solar cells (OSCs) [5] , [6] , [10] - [12] and dye sensitized solar cells [13] , [14] .
The plasmonic metal NPs enhanced OSCs have attracted much attention. It is expected that the relative low efficiency could be greatly improved by trapping the light in the solar cells with metal NPs. For the hetero-junction OSCs with poly (3-exylthiophene): (6, 6)-phenyl-C61-butyric-acid-methyl ester (P3HT:PCBM) and poly (3, 4-ethylenedioxythiophene) : poly (styrenesulfonate) (PEDOT:PSS) layers, metal NPs are introduced into the active layer (P3HT:PCBM) [10] , [11] or the anode layer (PEDOT:PSS) [12] , and the efficiency improvement was observed. However, the enhanced wavelength range is not wide enough, which limits the further increase of the efficiency of OSCs. Thus, by adopting different dielectric shells [15] or metal materials [11] , [16] , it is expected to adjust the localized surface plasmon (LSP) enhanced wavelength region and cover the solar spectrum with mixed NPs. Nevertheless, since metal NPs would affect the collection and transportation of photocurrent, the metal NPs introduced into the solar cells have the optimized concentration [10] , [12] , [13] , which limited the number of metal NPs in OSCs. Therefore, to extend the resonance spectrum of a certain NPs is significant for getting higher efficiency enhancement of OSCs.
Recently, the mechanism of light absorption enhancement of OSCs with metal NPs has been studied theoretically, which indicated that the LSP mode dominates the light absorption enhancement of metal NPs [17] . It is anticipated that, by depositing the metal NPs at the interface between the active layer and the anode layer, the wavelength range of LSP enhancement could be extended for obtaining higher light absorption enhancement. In this paper, the hetero-junction OSCs with Au-NPs (referring as the Binterface-Au-NPs[) embedded at the interface between P3HT:PCBM and PEDOT:PSS layer are fabricated and measured. It is demonstrated that the incident photon-tocurrent efficiency (IPCE) is increased at not only long wavelength region ð 0 ¼ 550 $ 700 nmÞ but also short wavelength region ð 0 ¼ 350 $ 550 nmÞ, and the power conversion efficiency (PCE) of OSCs is improved by about 25%. The experiment result proves that the LSP enhanced wavelength region could be effectively extended for obtaining stronger light absorption improvement. Fig. 1(a) shows the schematic diagram of OSC with Au-NPs, which consists of the layers of glass substrate, indium tin oxide (ITO), PEDOT:PSS, periodic Au-NPs, P3HT:PCBM, and aluminum (Al) cathode. The Au-NPs are periodically distributed along x and y axis and located at the interface of PEDOT:PSS/ P3HT:PCBM layer. Although the Au-NPs are randomly distributed at the interface between the PEDOT:PSS and P3HT:PCBM layers in the fabricated OSCs rather than that shown in Fig. 1 , the simulation result could well reveal the light absorption enhancement spectrum when comparing the simulation and experimental results shown below. A plane wave propagating along z-direction with unified amplitude is assumed as the input, and the optical properties including the wavelength dependent refractive index n and extinction coefficient k of the materials are taken from Refs. [18] - [21] . Based on the 3-D model of finite element method, the light absorption of OSCs with Au-NPs could be simulated and the detailed method can be seen in Ref. [17] . Different from Ref. [17] , the Ag-NPs are replaced by the Au-NPs to be consistent with the experiment.
Geometric Design and Simulation Results
The simulation results shown in Fig. 2 (a) illustrate the photon number spectra absorbed by the OSC without Au-NPs (black curve), with Au-NPs inside the P3HT:PCBM active layer (green curve), and with the Binterface-Au-NPs[ (blue curve). The photon number spectrum of the standard AM1. 5G [23] is also shown as the red curve. Comparing the blue and green curve with the black one, we can get the photon absorption enhancement of photo number as a function of wavelength, which is shown by Fig. 2(b) . It is obvious that there are two absorption enhancement peaks for the OSCs with Binterface-Au-NPs[ shown as the blue line in Fig. 2(b) , which results from the contact of the Au-NPs with two kinds of polymer materials and the excitation of LSP mode at both short and long wavelength region [17] . Although the peak of green curve in Fig. 2(b) is much higher than that of the blue one, the light absorption ability of OSCs is rather weak around wavelength of 650 nm and the absolute light absorption of green curve in Fig. 2(a) is less than that of the blue curve at short wavelength region. Therefore, the Binterface-Au-NPs[ could enhance the light absorption of OSCs more efficiently compared with the Au-NPs inside the active layer with just one peak shown as the green line in Fig. 2(b) .
Fabrication Method and Measurement Results
Further, the thin film hetero-junction OSCs with and without Au-NPs are fabricated. The ITO-glass is adopted as the substrate and cleaned by the ethanol and deionized water. Then, a 25 nm-thick PEDOT:PSS (CLEVIOS P AI4083) layer and a 60 nm-thick P3HT:PCBM (with 1 : 1 weight ratio, SOLARMER) layer is spin-coated successively on the ITO-glass substrate. After depositing an Al layer as the cathode, the device is sealed with a UV-curing epoxy resin to finish the fabrication process of OSCs without Au-NPs. To realize the proposed interface-Au-NPs enhanced OSCs, the Au-NPs are prepared by sodium citrate reduction method [22] and blended into the PEDOT:PSS solution with different volume ratio (ratio of Au-NPs solution to PEDOT:PSS solution). Here, the size of Au-NPs could be altered easily by controlling the reaction time during synthesis. Instead of the simple PEDOT:PSS solution in the conventional fabrication process of OSCs, the PEDOT:PSS solution with Au-NPs is spin-coated onto the ITO-glass substrate. Fig. 3(a) and (b) shows the secondary electron image and backscattering electron image of scanning electron microscope (SEM) of the device after spin-coating the PEDOT:PSS solution with Au-NPs, which illustrates that part of the Au-NPs is inside the PEDOT:PSS layer and the other part is in air, which ensures that the Au-NPs could be located at the interface between PEDOT:PSS and P3HT:PCBM layers.
The OSCs with interface-Au-NPs having different size and concentration are fabricated, and four devices with the same parameters are prepared. The PCE indicating the ratio between the electric energy and the incident solar energy [24] is measured under the standard AM1.5G illumination at 100 mW/cm À2 (PECCELL PEC-L11). Fig. 4 shows the PCE of OSCs with larger (red curve, diameter in range of 20-40 nm) and smaller (blue curve, diameter in range of 10-25 nm) Au-NPs when varying the Au-NPs concentration. It is found that the OSCs with interface-Au-NPs have higher PCE values than the reference OSC (1.31%), which should result from the light absorption enhancement of LSP mode. The OSCs with larger interface-Au-NPs usually have better performance than those with smaller ones. The optimized volume ratio is 1 : 4 for both larger and smaller interface-Au-NPs and the highest efficiency enhancement is about 25% (PCE is increased from 1.31% to 1.625%) with larger Au-NPs.
Here, the optimized concentration of interface-Au-NPs improves the efficiency of OSCs and the lower efficiency improvement compared with the simulation prediction should be ascribed to the influence of the collection and transportation of photocurrent after introducing the interface-Au-NPs in the OSCs. It may also be noticed that the PCE is almost the same for OSCs with large and small metal nanoparticles. This can be understood for the following reason. Besides the LSP effect for enhancing the light trapping in thin film solar cells, the metal nanoparticles can also introduce the carrier combination. If the amount of nanoparticles exceed to the optimal value, more metal nanoparticles would lead to worse effect on the efficiency improvement of OSCs. This should be more serious for larger metal nanoparticles for the larger surface. Thus, the PCE could be rather close for large and small nanoparticles with concentration 33%. To know more details of the efficiency improvement, the J-V characteristics and the corresponding IPCE are measured. Fig. 5(a) illustrates that, for OSCs with and without interfaceAu-NPs, the open-circuit voltage is almost the same and the short-circuit current is increased significantly with the interface-Au-NPs, which means the efficiency increase results from the additional photocurrent generated in the OSCs and benefits from the light trapping of the Au-NPs with LSP effect. The IPCE demonstrating the ratio of the number of photons incident on a solar cell to the number of generated charge carriers [24] are obtained by using the PECCELL apparatus (PEC-S20). Fig. 5(b) illustrates the IPCE of the OSCs with larger Au-NPs (red curve), with smaller Au-NPs (blue curve), and without Au-NPs (black curve). Comparing the red and blue curve with the black one, the IPCE ratio can be derived and shown in Fig. 5(c) , which depicts two obvious peaks around 420 nm and 650 nm. The previous theoretical result illustrated that, when metal NPs contact with two layers in OSCs with different dielectric constant, two corresponding LSP mode at different wavelength region could be excited and contribute to the light absorption enhancement [17] . Considering that the photocurrent is proportional to the absorbed light in the active layer, this measured results indicate that two resonance peaks of LSP mode is excited due to the contact of the Au-NPs with two different materials (P3HT:PCBM and PEDOT:PSS). Since the fabricated Au-NPs have non-uniform size and are randomly distributed at the interface of active layer, the measured enhancement ratio is of course different from the simulation one shown in Fig. 2(b) . However, the obvious two enhancement peaks and their positions are consistent with the simulation results, which proves the above theoretical analysis.
Actually, the former reported results of OSCs with metal NPs could support our measurement results and corresponding explanation. The light absorption enhancement less than 500 nm had been observed when the Au-NPs are embedded inside the PEDOT:PSS layer, 1 and the obvious efficiency improvement in the wavelength region of 600-700 nm had been obtained with Au-NPs in the P3HT:PCBM layer.
2 Therefore, it is not strange that two resonance peaks of LSP are excited with the Au-NPs at the interface between two kinds of materials, which widen the absorption enhancement spectrum and consequently enhance the efficiency of OSCs. With the extension of LSP enhanced spectrum, the absolute efficiency of OSCs with Binterface-Au-NPs[, even though it is relatively low, could be rather high after optimizing the fabrication process of polymer layers of OSCs. And the proposed structure in this paper could be compatible with other novel techniques [25] for improving the efficiency of solar cells.
Conclusion
In conclusion, the plasmonic enhanced hetero-junction OSCs with extended resonance spectrum of LSP is studied theoretically and experimentally. Simulation result indicates that, by depositing the Au-NPs at the interface between the anode (PEDOT:PSS) and active (P3HT:PCBM) layer, the light absorption could be enhanced at both the long ð 0 ¼ 600 $ 700 nmÞ and short ð 0 ¼ 400 $ 500 nmÞ wavelength region due to the contact of the Au-NPs with two kinds of materials, which is validated by the experiment results by comparing the IPCE of proposed OSCs with that of one without Au-NPs. It is demonstrated that there exists the optimized concentration of Au-NPs for enhancing the efficiency of OSCs, which should be related to the collection and transportation of photocurrent. The efficiency of the OSCs is increased by 25%.
